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[57] ABSTRACT 

A method and apparatus for holographically processing 
optical signals in a fiber-optic sensor systeni. In the 
present invention, holographic processors are litilized in 
various combinations with light sources, fiber-optic 
transmission means, sensors and detectors to provide 
low cost, compact, sensitive and accurate sensor sys- 
tems. 

By means of the holographic processors of the present 
invention, the aforementioned sensor systems are used 
to monitor such physical parameters as temperature, 
pressure, flow-rate, and the like, and to provide output 
signal indications thereof that are compatible with digi- 
tal receiving stations and immune to electro-magnetic 
interference, hazardous atmosphere, and the inimical 
effects of inadvertent intensity variation due to equip- 
ment vibration and the like. 

In one typical embodiment, a pair of holographic pro- 
cessors are employed in a color multiplex-demultiplex 
sensor system in which a first holographic processor is 
employed to color multiplex a sensor signal and a sec- 
ond holographic processor is employed to decode the 
color-multiplexed signal into a binary pattern that is 
then transmitted onto a set of photodetectors. 
In each of the embodiments of the invention disclosed, 
a unique geometrical orientation of a hologram is uti- 
lized to minimize spurious signal interference that 
would otherwise hamper or totally preclude the holo- 
graphic processing. 

22 Oaims, 17 Drawing Figures 
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, enhance optical signal processing in a fiber optic sensor 

METHOD AND APPARATUS FOR system. 
HOLOGRAPHIC PROCESSING In more specific terms, the present invention utilizes 

. unique optical function holograms in methods and appa- 

The mvention described herein was made in the per- 5 ratus for color multiplexing optical sensor signals, for 
formance of work done under NASA Contract No. converting an incoherent fiber optic bundle input into a 
NAS3-21005 and is subject to the provisions of Section coherent fiber optic bundle output, for converting a 
305 of the National Aeronautics and Space Act of 1958 source signal directly into a binary coded signal, for 
(72 Stat. 435; 42 USC 2457). converting an incoherent fiber optic bundle input di- 

BACKGROUND OF THE INVENTION ^^^^^^ ^^^^ ^ coherent binary signal fiber optic bundle 

output, and for demuhiplexing a previously multiplexed 

1. Field of the Invention optical signal for application to a detector. In each such 
This invention relates generally to optical sensors novel and highly advantageous holographic implemen- 

that employ fiber-optics, and more specifically to holo- tation of an optical processing system, a unique gcomct- 
graphic processors that are utilized in such sensor sys- 15 rical orientation of a hologram with respect to the di- 
. rection of optical signal transmission is utilized to mini- 

2. Pnor Art mizc or totally preclude the incidence of spurious sig- 
Conventional sensor systems which include sensors nals that prior to and without the novel teachings of the 

adapted to measure various physical characteristics of a applicants have precluded the otherwise advantageous 
sample, typically provide an analog output signal. Con- 20 use of holographic processors in optical, sensor systems, 
sequently, should a digital representation of an output In each application of holographic processing of the 
signal be desired, relatively expensive and space con- present invention, the advantageous results derived 
suming analog-to-digital equipment is required. More- therefrom are made possible by a unique characteristic 
over, such conventional analog sensors are limited in of holograms that would be extremely difficult if not 
application because of their inherently large size and 25 impossible to duplicate in an ordinary optical lens. That 
slow response time. Moreover, either complex transmis- characteristic in a hologram is its ability to respond to 
sion lines or signal conversion apparatus may be re- certain physical characteristics of incident optical sig- 
quired when the sensor must collect information from a nals. such as their wavelength or physical position, by 
remote sample. Hence, prior art transmission systems directing such optical signals at the output of the holo- 
that have heretofore been interfaced with sensors of the 30 gram to highly predictable focal point locations. It will 
prior art are relatively expensive to fabricate, are not be seen hereinafter that this unique characteristic of 
capable of carrying sufficiently wide bandwidth signals, holograms, although suitable for numerous applications 
lack immunity to electro-magnetic and/or electric static in optical systems, is especially advantageous for use in 
interferences and require numerous interfacing appara- conjunction with fiber optic bundles and photo-detec- 

35 tors utilized in fiber optic sensor processing systems. 
There are prior art devices that are known to those The above noted advantages of the novel holo- 
skilled in the art which are generally adapted to opti- graphic processors of the present invention, are 
cally decode information that is transmitted by means of achieved without incurring the spurious signal interfer- 
incident light beams in order to measure various physi- ence that would otherwise occur in optical systems 
cal parameters (such as temperature, pressure, etc.). It is 40 employing holograms. 

generally well known that it is preferable to provide The means by which the above noted advantages as 
means for transmitting and utilizing signals representa- well as others have been achieved, and the means by 
tive of such physical parameters in a digital format to which the above noted spurious signal problem has 
enhance the accuracy of the transmission and also to been substantially, overcome to permit the advanta- 
provide signals that are compatible with modem micro- 45 geous use of holograms, particularly in optical sensor 
processor controlled systems for utilizing the sensor systems, will be best understood by reference to the 
signals. An example of an optical sensor system that detailed description of the invention and the accompa- 
utilizes a fiber optic transmission apparatus to provide nying.drawings in which: 
accurate digital representations of a physical parameter 

from a remote sample can be found in U.S Fat No, 50 ^^^^ DESCRIPTION OF THE DRAWINGS 
4,223,226 issued Sept. 16, 1980. However, nothing is FIG. 1 is an illustrative example of an incoherent 
known in the prior art which shows or suggests the use linear fiber optical bundle with which the present inven- 
of holographic processors in such sensor systems. In tion may be employed to generate a coherent signal 
particular, there is no known prior art which uses holo- therefrom; 

graphic processors for enhancing the utiUzation of opti- 55 FIG. 2 is a graphical illustration of the manner in 
cal signals in such a system by enabling multiplexing which a coherent signal may be reconstructed from an 
and demultiplexing of such optical signals, or for that incoherent signal using the present invention; 
matter, conversion of optical signals directly into any FIG. 3 is a further graphical illustration of the man- 
one of a number of digital formats as hereinafter dis- ner in which two specific components of an incoherent 
closed and which even further reduce the cost and 60 signal source are made coherent by means of the present 
complexity of optical sensor systems. invention; 

SUMMARY OF THE INVENTION l^?- ^ ^ graphical illustration of the manner in 

which the present invention may be utilized to convert 

Briefly, and in general terms, a method and apparatus a source point signal into a binary coded signal; 

for holographically processing optical signals is dis- 63 FIG. 5 is a graphical illustration of the manner in 

closed. Holographic processors are utilized, by way of which the present invention may be utilized to convert 

example, in various combinations with light sources. a plurality of source point signals into a Gray-coded 

fiber optic transmission means, sensors and detectors, to binary pattern; 
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. FIG. 6 and FIG. 7 are illustrative examples for utiliz- sensor processing system may be best understood by 

mg the present invention in a sensor for converting a concurrent reference to FIGS. 1 and 2. FIG. 1 illus- 

sensor signal directly into a binary signal; trates an incoherent fiber-optic bundle which has been 

FIG. 8, comprismg Sa through Sd. provides a graphi- brought but to a linear array at each end thereof. The 

cal illustration of the ability of the present invention to 5 bundle is incoherent because the location of the fibers at 

convert a plurality of arbitrary signals to a single set of the output end of the fiber optic bundle is random with 

binary signals; respect to the location of the fibers at the input end of 

FIG. 9 is a graphical illustration of the manner in the bundle, this is illustrated in FIG. 1 by the depiction 

which the present invention may be utilized for color of a small number of fibers, in this case ten fibers for 
multiplexing in an optical sensor system; lo illustration purposes, which are numbered from 1 to 10 

FIG. 10 is an illustrative example of the manner in in sequence as a function of location at the input end of 

which the present invention may be utilized for demuiti- the bundle. However, as illustrated in FIG. 1, the fibers 

plexing a previously color-multiplexed optical signal; emanating at the output end of the bundle, wherein each 

fiber, retains the same number, are randomly located 

FIGS. 11 through 14 are graphical illustrations used 15 with respect to one another so that their input sequence 

to explain the novel manner in which the present inven- is substantially altered, 

tion substantially decreases spurious signal interfer- The use of a hologram to reorient the signals avail- 

able at the output of the fiber optic bundle, is illustrated 

DETAILED DESCRIPTION OF THE in FIG. 2. At the left side of FIG, 2 is an array of source 

INVENTION signals S, m which the fiber optic signals are. m the 

sequence in which they are found to leave the incoher- 

Before proceeding with reference to the drawings for ent linear bundle as previously illustrated in FIG. 1. The 

a detailed description of the various embodiments of the hologram is designed, so that, for example, point 4 at the 

invention contemplated herein, some general comments top of source S produces an image only at point 4 in the 

are in order. Because the holographic processor of the 25 image plane I which is in the fourth position or namely, 

present invention transforms a source pattern into an that position that corresponds to the. original light signal . 

image, it appears to have much in common with con- at the input side of the incoherent linear fiber optic 

ventional optical information processing systems. In a bundle previously illustrated in FIG. 1. Similarly, each 

general sense, the holographic processor of the present of the other points at the source, produces an image at 

invention is an optical information processing system. 30 the proper location in the sequence. Of course, it will be 

However, the usual optical information processing in- understood that the light rays drawn in FIG. 2 from 

volves the use of a lens to create a spatial Fourier trans- source to image represent only the center line rays for 

form. Then by way of example, filters are used to opcr- purposes of simplification. A more representative set of 

ate on that Fourier transform. Then a second lens is rays is shown in FIG. 3. 

used to recreate the image by performing a reverse 35 In FIG. 3 the rays which, for example, pass from the 
Fourier transform. However, the holographic proces- point 2 in the source to the point 2 in the image are 
sor as described herein, utilizes no lenses and involves reflected by the pattern in the hologram so that these 
no Fourier transform. rays always have path links which differ only by inte- 
In a conventional hologram, reconstruction of an gral wavelengths. Thus, the rays which number in the 
image occurs when a hologram is illuminated by a par- 40 thousands are in-phase and support each other only at 
allel or spherical beam of light; normally monochro- point 2 and generally do not support each other at any 
matic. Such light reflects off a complex pattern con- other point in the image plane. The hologram is de- 
tained in the holograms so that numerous light, rays signed so that this same selective in-phase reconstruc- 
converge, in-phase, at each point in a real image. On the tion holds true for the multiple' rays from the source 
other hand, light rays may diverge in such a manner 45 point 1, which reflect off portions of the hologram to 
that the rays of light appear to have been in-phase at form a supportive image only at point 1 in the image 
points on a virtual image. In a conventional pictorial plane. 

hologram, the hologram reduces all oF the points which The above indicated utilization of a hologram for the 
comprise a reconstructed real image, or which infer a purpose of restoring a coherent signal from an incoher- 
virtual image produced by diverging beams of light 50 ent linear fiber optic bundle is often a very useful appli- 
from the hologram. In any case, the particularly useful cation of the holographic processor of the present in- 
characteristic of a hologram which makes it particularly vention. However, the above indicated characteristic of 
suitable for purposes of optical signal processing in fiber a hologram has an additional important application, in 
optic systems, is that a holographic pattern has the converting the output signals of an incoherent linear 
capability of imaging any one source point on to a par- 55 fiber optic bundle into a binary signal which, as will be 
ticular point on the opposite side of the hologram. The hereinafter more fully understood, is a particularly use- 
component of the holographic pattern which achieves ful application of holographic processors to sensor sys- 
this imaging capability comprises a series of circular tems in which it is desirable to interface with a digital 
patterns, which collectively are known as a Fresnel signal processor such as a microprocessor. In such an 
Zone Plate, A Fresnel Zone Plate, which images one 60 application, the input signal to the hologram from, per- 
point of a source to one point of an image, consists of a haps, any of several hundred fibers, is a signal in which 
set of quasi-circular rings centered about appropriate the particular fibier that is illuminated represents the 
locations on the hologram. Each such pattern consists amount of temperature change or pressure change or 
of the equivalent of a lens with its center at those appro- other sensed physical parameter. In a typical applica- 
priate locations. 65 tion, the ultimate output signal of the holographic pro- 
In view of the above indicated capability of transfer- cessor is a binary signal that is either Gray-coded binary 
ring a known source point to a known image point, one or conventional binary and which represents the num- 
of the advantageous uses of a hologram in a fiber optic bcr of the fiber that has been illuminated, in response to 
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the level of signals being measured. In effect, by con- nerit of the hologram which consists of a Frcsnel Zone 

verting an incoherent light output directly into a binary Plate centered about IC. The second exposure; illumi- 

signal, two steps in sensor signal processing are accom- nating the hologram from source point 2 and image 

phshed. The first such step is that of converting inco- point 2, produces a zone plate centered about 2C. The 

herent signals to coherent signals and the second is that 5 remaining portions of the hologram are built up in the 
of convertmg the coherent signals into equivalent bi- ^^^^ ^an„er, preferably using a mechanized system for 

""c^tA^^TTcT/ \ u- . u, • u indexing the exposures. 

MOb. 4 and 5 Illustrate that this double step is. with j^orc than one component of the hologram can be 

r InD »f d^'f r ''"'Tk «PO«d at one time. This is illustrated by the fact that a 

complished as the single step in which an incoherent m • u • u u -n * 

signal is made coherent as previously described. In conventiona (pictonal) hologram is built u^^ 

FIG. 4, the source point 2 is shown imaged by the holo- ""^1"^. simultaneously, all points m the object and ex- 

gram at the two points LSB and 2SB. Thus, the source P?'*"^ hologram with the light reHected from this 

point 2 produces the binary number Oil. this number, J'"^^' reference beam, 

on, is a binary 2 in a Gray-code scheme. FIG. 5 ilius- , 5 For example, m FIG. 4 the source point 2 is intended to 

trates the center line rays for a set of possible source Produce image points at both LSB and 2SB; Hence, if 

signals labelled 0 through 7. The hologram is designed ^"^ ^SB are illuminated simultaneously and coher- 

so that source signal 0 produces no image; source signal ^"^^V ^^^^ source pomt 2. the exposure of the hologram 

1 produces images only at LSB, the least significant bit; ^lil be an exact analog of the exposure of a conven- 

source signal 2 produces images at both LSB and 2SB; 20 hologram where source point 2 replaces the refer- 

and so on. As indicated below in Table I, the image ^nce beam and the LSB and 2SB image points replace 

pattern produced by the hologram of FIG. 5 corre- points of the image. 

sponds to the Gray code for the corresponding source . If source contains 256 elements and the image 

signal numbers. contains 8 elements, where the 8 bits represent the num- 

TABLE I 25 entire hologram may be made by exposing 

• each bit simuhaneously with all of the source points 

SIGNIFICANT BITS ] which contain that bit. 

MOST 2ND ^^^ST pjQs g 7 illustrate, respectively, two examples 

^ ^ ^ bfapplica.tionsofa holographic processor of the present 

2 Q ? 1 30 invention for use . as a portion of a remote sensor in a 

3 0 I 0 fiber optic system. In each case, a hologram enables a 
^ I 10 fiber optic sensor to accept a single light source from a 
^ ■ Q j fiber and transform this light source into a binary signal 
7 10 0 Gray-coded binary signal and to return such a signal 

■ ■ [ — 35 to a central processor by means of a fiber bundle having 

.„ - ... t_ , . , . a plurality of fibers. The fiber bundle which is utilized 

t will now be apparent that because the relationships ^^^^^^ i j ^^^^^ ^3 ^^^^^ = 

between source and image patterns depend entirely as there are bits in the binary coded signal. For example, 

upon the holographic imaging function, binary signals ^j^^^^^ ^^^^^^ 3^ ^ resolution of one part in two 

nth? ■^l^^'^f H ''^"k ' °' X '"^7 °1 40 hundred and fifty six is desired, only eight fibers would 

other selected code, can be produced from either a ^ be utilized. Each such fiber corresponds to one of eight 

random source pattern as illustrated in FIG. 4 or a ... , ttt^ ^ fi.*u u i-- ij* 

sequential source pattern as illustrated in FIG. 5. In the ™- ^ ^.^^^ht beam is shpwn being applied to a 

case of a random source pattern which differs from unit S"^^,,^ P"^"^ ^^^^^ ^ ""^t 

to unit, it is, of course, necessary to individually fabri- ^^"^^^^ P^^^^^f^ ^ 

cate the holograms for each source pattern. However. 45 state refracting material the index of refraction of 

when the source is sequential as illustrated in FIG. 5, it ^^ich responds m a known way to temperature 

is then possible to replicate the holograms after making ^^anges. In either case, the light beam is bent at an angle 

the . master hologram by illuminating corresponding ^^at corresponds to the level of the sensed physical 
spots on the source and image during the exposure of: Parameter. The hologram H is designed to apply the 

the hologram. In the case of a random source pattern, in 50 source pomt only to those image points at the input to 

which the patterns differ from unit to unit, an individual ^'^^'^ ^ ^^^^ of the fibers is located at 

hologram is exposed for each individual pattern. In ^ position corresponding to a binary digit of either a 

either case, the method of preparing the holographic Qray-coded binary scheme or a conventional binary 

pattern is well known in the art and need not be de- scheme. It will be understood that the number of fibers 

scribed in any detail herein. By way of example, refer- 55 and, therefore, the number of bits at the output side of 

ence may be had to the text entitled "Principles of Ho- the hologram, may be any number depending upon the 

lography" second edition by Howard M. Smith, pub- level of resolution desired and the resolution of the 

lished by John Wiley and Sons, 1975. hologram. In FIG. 7 the location of. the source beam is 

The generation of various types of holograms which dependent upon a change in temperature of a bimetallic 

have been described herein follows the same general 60 strip upon which is fastened to the end of an illuminat- 

procedure. Components of the hologram are generated ing fiber. The hologram H again converts the signal to 

by sequentially illuminating the hologram from desired a series of binary , or Gray-coded binary signals for 

pairs of source and image points from a common coher- transniission to a remotesly located receiver such as a 

ent light source. For example, in FIG^ 3 source point 1 central processing unit. 

and image point 1 may first be illuminated by using 65 Although the applications illustrated in FIGS. 6 and 

mirrors and beam splitters from a common laser beam. 7 involve the. conversion of a single light beam source, 

Next, source point 2 and image point 2 are simulta- dependent upon a physical parameter, into a binary 

neously illuminated. The first exposure forms a compo- . code, the present invention need not be limited to appli- 
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cations in which only a single hght beam is converted. . the image point with beams of light having a fixed phase 
FIG. 8, comprising FIGS. 8^ through Sd. illustrates the relationship and containing the same wavelength or 
manner in which a plurality of signals at a source plane wavelengths with respect to one another, each of which 
may, by means of the holographic processor of the wavelengths corresponding to a color that is associated, 
present invention, be converted to binary or Gray- 5 with a particular location in the source plane. For exam- 
coded binary signals at the image plane. The signifi- ple» if the source illumination is at A, then in this cxam- 
cance of the additional capability of the present inven- pie, only blue light is reinforced at the image point I. On 
tion to convert a plurality of source signals into a single the other hand, if the light illuminates a source plane at 
corresponding code is appreciated when the optical point B, then the hologram will reinforce waves at the 
signal processing system utilizes a sensor which pro- 10 image point I for both blue and green light. In this 
duces complex signal structures in response to a physi- fashion, the hologram is designed to convert white light 
cal parameter. The holographic processor of the present signals along the source plane to color multiplexed 
invention permits, such complex signal structures to be signals in the output fiber as a function of the location of 
converted directly into a desirable binary-coded output. the white light source which is in turn dependent upon 
Although the particular source patterns illustrated in 15 variations in the sensed parameter. Thus, the hologram 
FIG. 8 are arbitrary and have no particular significance is used to color encode, or multiplex an input signal and 
relative to any specific sensing system, FIG. 8 does to transfer it to an image point at a transmission fiber 
represent the unlimited variations of sensor signal posi- which carries the color encoded information signal to a 
tion and number to which a suitably prepared hologram remotely located receiver, such as a central processor, 
may be applied by means of the present invention. The 20 over a single fiber. 

binary numbers produced by each hologram H of FIG. As illustrated in FIG. 10, a system such as illustrated 
8 are shown below the respective holograms. , in FIG. 9, may also use a holographic processor at the 

Still other advantageous applications of the holo- output end of the transmission fiber that carries the 
graphic processor of the present invention include color color encoded information to the central processing 
multiplexing and demultiplexing in optical sensor sys- 25 unit. The transmission system of FtG. 10 is described in 
terns. The term '*color multiplexing" as used herein greater detail in U.S. Pat. No. 4,223,216 issued Sept 16, 
refers to the use of different colored light, each color 1980. In this case, the color multiplexed signal is de- 
acting independently as a separate optical frequency coded onto individual photosensors by a hologram in 
functioning much like a carrier frequency in electrical which the focus of the hologram is strongly dependent 
transmission, but wherein each such carrier frequency 30 upon the wavelength of the light used. For example, if, 
or color represents one bit of information of a binary as illustrated in FIG, 10, the hologram is designed to 
word. As illustrated in FIG. 9, color multiplexing may cause blue light to focus to the least significant bit LSB, 
be readily accomplished by means of a holographic then the portion of the hologram which causes this 
processor. focusing will not cause focusing of light of a longer 

In FIG. 9 it is assumed that to the left of the source 35 wavelength. Other components of the hologram will 
plane, (not shown), a white light source moves in the cause other colors to focus at other photosensor loca- 
source plane in accordance with some input parameter tions thus creating the desired decoded binary signal 
such as temperature, pressure and the like,, so that the from the set of photosensors at the detector end of a 
color produced thereby is dependent upon variations in transmission system. A thick-film (Lippman-Bragg) 
such a parameter. A and B in the source plane represent 40 hologram will aid in this separation of colors because of 
two out of many possible points in the source plane at the variation of its pattern separation throughout the 
which the resultant light may reside. The hologram in thickness of the hologram depending upon the wave- 
this application is designed to always produce an image length of the tight. . , 

at the same point in the image plane, namely, the point At this point in the description of the invention 
at which the signal transmitting fiber receives its light 45 herein, it will be noted that the representations of holo- 
energy input. However, the hologram is designed so grams in FIGS, 2 through 10 have indicated the holo- 
that it transmits various colors to the same image point graphic plane to be at an angle which is not perpendicu- 
depending upon the location of the source illumination. lar to the axis central of the incident light beams. This . 
As will be apparent to those skilled in the art, the holo- non-perpendicular angle or tipping, has been devised by 
gram illustrated in FIG. 9 may be fabricated by simulta- 50 the applicants herein as a means for overcoming signal 
neously irradiating opposite sides of a suitable photoscn- interference or crossrtalk which would otherwise be a 
sitive medium from a particular point (e.g. A) in the serious problem in the use of holograms for the purpose 
source plane and from the image point with beams of herein described. For example, referring back to FIG. 3 
light both having a fixed phase relationship and contain- wherein the Fresnel Zone Plate which images source 
ing the same wavelength or vyavelengths with respect 55 point 1 to image point 1 consists ofa set of quasi-circular 
to one another (e.g. corresponding to the color blue), rings centered about point IC, the question arises, to 
whereby to form a first Fresnel-like zone. Opposite what extent docs the component of the hologram which, 
sides of the photosensitive medium are next simulta- consists of the Fresnel Zone Plate IC cause the point 2 
neously irradiated from a different point (e.g. B) in the in the source to produce an image at the point 4? If this 
source plane and from the image point with beams of 60 tendancy is substantial, the operation of the holographic 
light having both a fixed phase relationship and contain- image processor may be defeated, because in addition to 
ing the same wavelength or wavelengths with respect producing desired images, a plethora of spurious unde- 
to one another (e.g. corresponding to the colors blue sired images would also occur. However, the applicants 
and green), but having a different wavelength from the have discovered that by tipping the hologram to the. 
light that originates at point A, thereby to form a sec- 65 above, indicated non-perpendicular geometrical config- 
ond Fresnel-like zone. Accordingly, opposite sides of uration, it is possible to defocus spurious images even 
the photosensitive medium are simultaneously irradi- for points close to the point for which the zone plate is 
ated from various points in the source plane and from designed to function. This potential problem and the 
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means for solving it will now be discussed in conjunc- 
tion with FIGS. 11 through 14 and Tables II through V. 

In FIGS. 11, 12, and 13 a source S is designed to 
produce an image 1. In FIGS. 11, 12 and 13. the source 
S' is designed to produce the image I', but the lines 
between S' and V have been omitted for clarity. How- 
ever, dotted lines have been drawn between S' and I" 
where I" represents a spurious itnage that is produced 
by the component of the hologram which exists for the 
purpose of producing image I from source S. This SI 
Fresnel Zone Plate acts as a lens and possesses the po- 
tential capability of producing the spurious image I" 
from S'. In what follows, the degree to which that spu- 
rious image is produced is analyzed. 

FIG, 14 shows some of the quantities used in this 
analysis. Y is a measure of distance (in number of wave- 
lengths) along the source plane. W is a measure of dis- 
tance (in number of wavelengths) along the plane of the 
hologram H. The hologram H has optically supportive 
portions at those locations I at which the total path link 
from S to W to I exceeds the central path link P plus Q 
by an integral number of wavelengths N. The path link 
length from S' to W to I equals L1+L2 which, in turn, 
equals L. The difference between the path length L and 
separation distance between the image and source 
planes is denoted C. When considering the center point 
of the zone plate for the path from S' to I", (or the zero 
fringe of the Fresnel Zone Plate) L=Lo and C=Co. 
These relationships of the various dimensions repre- 
sented in FIG. 14 and discussed above, are presented 
below in equation format. 

C=:L-(P-hQ) 

Lo=L for N=0 and W=0 (at Y=0, the hologram is 
designated so that C-Co=L-Lo=N for all N) 
Co=C for N=0 and W=0 
Co=Lo-(P + Q) 

L-Lo=:C+(P+Q)-[Co4(P+Q)] 
L-Lo=C-Co 

If a spurious image at I" is to be formed, then all of 
the path links L for the various values of W for which 
the hologram has optically dispersive portions, must 
differ by integral numbers or nearly integral numbers. 

The analysis of the spurious image problem was not ^5 
found to be amenable to a closed mathematical form 
and was therefore conducted by means of a computer 
analysis in the following manner. For each value of N 
for which a calculation was to be made, the value of W 
at which the total path length L equals P+Q+N was 
found by iteration. This value of W as then used to find 
the length of the path from S' to W to I". The amount 
by which the path length S' to W to I" differs from the 
central path length Lo was then calculated as L — Lo. 
Finally, the amount by which L— Lo value differed 
from the value N was calculated as the amount by 
which the light ray through that portion of the holo- 
gram deviated from being in-phase with the central 
light ray. This difference is equal to N— (C-Co) as 
indicated above. 

The listing of the program used to accomplish this 
calculation is included herein in Table V. Samples of 
computer runs are included in Tables II, III and IV. In 
each of Tables II, III and IV the values of N-(C-Co) 
are listed for increasing fringe numbers N and corre- 55 
sponding W values (to a maximum W of about 3,000 
wavelengths) where Y=0 provides a computer pro- 
gram check and where Y= 150 at S'. FIGS. 11, 12 and 
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13 are respective, scale drawing representations of the 
parameters used in these computer runs. 
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TABLE 11 


N 


N— (C— Co) 


W 




0 




VALUE OF Y: = 


. 0 




VALUE OF Co = 


0 




. 0 


0 


.313639 


100 


0 


1001.25 


200 


0 


1417.74 


300 


0' 


1738.53 


400 


0 


2009.98 


500 


0 


2250.00 


600 


0 


2467.79 


700 


0 


2668:80 


800 


0 


2856,57 


900 


0 


3033.56 


VALUE OF Y: =. 


150 




VALUE OF Co = 


2.24988 




0 


0 


,313639 


• 100 


.0334 


1001.25 


, 200 ■ 


.0661 


1417.74 


300 . . 


.0982 


1738.53 


400 


.1297 


• 2009.98 


300 


.1606 


2250.00 


600 


.1908 


2467.79 


700 


.2205 


2668.80 


800 


.2497 


2855.57 


900 


.2782 


3033,56 


TABLE III 


N 


N— (C-Co) 


W 




.4 




VALUE OF Y: = 


0 




VALUE OF Co = 


0 




0 


0 


.314118 


100 


0 


1086.10 


200 


0 


1536.55 


300 


0 


1682.60 


400 


0 


2174.70 


500 


■ 0 


2432.38 


600 


0 


2665.65 


700 


. 0 


2880.46 


800 


0 


3080.69 


VALUE OF Y: = 


150 




VALUE OF Co 


2.24988 




.0 


0 


.314118 


100 


1.2819 


1086.10 


200 


2.5327 


1336.35 


300 


3.7331. 


1882.60 


400 


4.9437 


2174.70 


300 


6.1053 


2432.38 


600 


7.2383 


2665.65 . 


700 


8.3438 


2880.46 


800 


9.4220 


3080.69 


TABLE IV 


N 


N— <C— Co) 


W 




, .8 




VALUE OF Y: = 


0 




VALUE OF Co = 


0 




0 


0 


.314573 


100 


0 


1429.62 


. 200 


0 


2014.00 


'300 


0 


2457-44 


400 


0 


2827.36 


500 


0 


3130.02 


VALUE OF Y: = 


130 




VALUE OF Co = 


2.24988 




0 


0 


.314573 


100 


3.0605 


1429.62 


200 


6.0467 


2014.00 


300 


8.9386 


2457.44 


400 


11.7967 


2827.36 


500 


14.5611 


3150.02 
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TABLE V 



100 PRINT-J. 4 (ADD C-Co). OR 5 ADD D2) OUTPUT COLUMNS?" 

no INPUT K 

120 PRINT "VALUES OF P.Q" 

130 INPUT P.Q 

140 PRINT "T MIN, T MAX. T INCR" 

150 INPUT T1.T2,T3 . 

160 PRINT "MAXIMUM VALUE OF 

170 INPUT W2 

180 PRINT "Y MIN. Y MAX. Y INCR" 

190 INPUT Yl. Y2. Y3 

200 PRINT "VALUES OF NI. N RNAL. N INCR" 

210 INPUT Nl. N2. N3 

220 LETL = P+Q 

230 PRINT 

231 PRINT 

240 IF K = 3 THEN 300 

250 IF K =4 THEN 280 

260 PRINT "N". "N— (C— Co)". "W". "C— Co". "D2" 

261 PRINT " ■• ". "— ". " " " 

270 GO TO 310. 

280 PRINT "N". "N— (C— Co)"; "W". "C— Co" 

281 PRINT" ". •■ '- ", " " " 

290 GO TO 310 

300 PRINT "N". "N-(C-Co)". "W*' 

301 PRINT" " " " 

310 FORT=TlTOT2STEPT3 

320 PRINT 

321 PRINT 

330 PRINT •THETA = ".T, 

340 FOR Y=YI TO Y2STEPY3 

350 PRINT 

360 PRINT "VALUE OF Y". Y 

370 LETN^O 

380 GOSUB450 

390 Co==C. 

400 PRINT "VALUE OF Co", Co 

410 PRINT 

420 FORN=NITON2STEPN3 

430 GOSUB450 

440 GO TO 620 

450 LETW=10 

483 LETD2=-L + SQR(W»W4-P*P-2*P»W«SIN(T)) + SQR(W»W+Q*Q + 2»P"W«SIN(T))-N 

490 IFD2*D2<I.OE-I0THEN 540 

500 LET RI»(2«W-2*P*SINa))/(2«SQR(W*W + P*P-2»P*W»SlN(T))) 

510 LETR2-{2*W + 2*Q*S1N(T))/(2*S0R(W»W + Q*Q + 2»Q*W*SIN(T))) 

520 LET W«W-D2/(R1 + R2) 

530 GO TO 480 

540 L5 = P-W*SIN{T) 

550 L6 = WCOS(T)-Y 

560 L1=SQR(L5'L5 + L6*L6) 

570 L7 = Q + WSIN(T) 

580 L8 = WCOS(T)+Y*Q/P 

590 L2 = SQR(L7»L7+L8*L8) 

600 LETC = L1 + L2-P-Q 

610 RETURN 

620 C5 = N— (C— Co) 

630 C3«INT(10000*C5)/10000 

650 IF K = 3 THEN 710 

660 IF K=4 THEN 690 

670 PRINT N.C3.W.C— C0.D2 

680 GO TO 720 

690 PRINT N,C5.W,C— Co 

700 GO TO 720 

710 PRINT N.C3.W 

713 IF W<W2THEN 720 

714 N = N2+I0 
720 NEXTN 
730 NEXTY 
740 NEXTT 
750 END 



The scale for FIGS. 11. 12 and 13 is indicated by the 



following: 



SCALE AT X= 0.7 fiM: jlNCH = 



IMM (6.35 X) 



P\=QX = 7MM 
YX MAX *= 1.05 YX INCR=0.105MM 
MM 

WXMAX = 2.1 MM 



65 



For a wavelength of 7000 A, FIGS. 11. 12 and 13 corre- 
spond to a scale of one-quarter inch equals t millimeter. 
The increments of Y are about one-tenth millimeter, or 



FOR A=0.7;iM. 
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100 microns, which is a typical spacing for adjacent 
fibers in a fiber-optic bundle. 

As indicated in Table II, the first computer run was 
for iheta equal to zero, Y=0 and Y= 150, and the.calcu- 
lations were made at every one-hundredth fringe, that is 
for N=0, 100,200.300, .... 900. As indicated, with theta 
equal to zero and Y equal to zero, the quantity 
N-(C-Co) is everywhere zero. This portion of the 
computer run serves as a check on the program because 
if these terms were not everywhere zero, the program 
would be in error. For a value of Y equal to 150 wave- 
lengths, (about 100. micrometers), it is seen that 
N-(C-Co) varies from 0 to 0.278. This indicates that 
as far out as the nine-hundredth fringe, which is a dis- 
tance of W equal to 3033 wavelengths, the phase differ- 
ence is only one-quarter of a wavelength. Thus, it 
would be expected that a fairly large spurious signal 
would occur at this location. 

The results of tipping the hologram a value of theta 
equal 0.4 radians, (about 22 degrees), show that the 20 
value for N— (C— Co) is again everywhere 0 when Y 
equals 0. This again serves as a program check because 
the hologram is designed for this point. However, the 
point of major interest is that for values of the quantity 
Y equal to 150 wavelengths, N varies from 0 to 800, W 
varies from 0 to 3080. and the value of N-(C-Co) 
varies from 0 to 9.42. This variation represents consider- 
able phase shift. In fact, this amount of phase shift 
would very nearly eliminate this spurious signal and 
thus represents a very rapid defocusing of the Fresnel 
Zone Plate because the source has moved only the small 
distance of 150 wavelengths or about 100 micrometers. 
The effect of tipping the hologram is thus made clear 
when the quantity 9.42 in Table III is compared to the 
quantity 0.278 in Table 11. . 

Table IV listings indicate even more rapid defocusing 
when the hologram, H, is tipped to theta equal to 0.8 
radians (about 45 degrees). 
It will now be understood that what has been dis 
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application to other optical signal processing systems 
such as optical communication systems: 

Having thus set forth preferred embodiments of the 
present invention, what is claimed is: 

1. A method of reporting the status of ia physical . 
parameter to a receiving station, the method comprising 
the steps of: . 

sensing said physical parameter; 

supplying a first beam of light and varying the spec- 
tral wavelength distribution of said light beam as a 
function of the status of said parameter being 
sensed; 

applying said spectrally-varied beam of light to a 
hologram for focusing responsive beams of light on 
an image plane at predetermined points, the loca- 
tions of said points being responsive to an encoded 
signal that . is dependent upon the spectral distribu- 
tion of said beam of light; and 
transferring said encoded signal to. said receiving 
• station by inputing said responsive beams of light to 
a light transmission means having one end at said 
image plane and having another end at said receiv- 
ing station. 

2. The method of reporting the status of a physical 
parameter as defined in claim 1, wherein the light trans- 
mission means is a bundle of fiber-optic cables. 

3. The method of reporting the status of a physical 
paraineter as defined in claim 1, wherein said receiving 
station is located remotely with respect to said holo- 
gram. . 

4. The method cf reporting the status of a physical 
parameter as recited in claim 1, further comprising the 
step of: 

decoding said encoded. signal by selectively applying 
said signal to one of a plurality of photo-detectors, 
said one being selected in accordance with the 
wavelength of said signal. 

5. The method of reporting the status of a physical 
parameter as defined in claim 4, wherein in said decod- 



closed herein is a method and apparatus for holograph!- 40 ing step said photodetector selection comprises the 
cally processing optical signals in sensor systems that " " 
are used to monitor physical parameters. Such process- 
ing includes color multiplexing, demultiplexing, con- 
verting incoherent signals in a fiber-optic cable to. co- 
herent signals, converting incoherent signals to binary 45 
coherent signals. In general terms, what has been dis- 
closed are methods and apparatus for processing optical 
signals at both the sensor portion and detector portion 
of a fiber-optic sensor system, and which incorporate 
holograms In a unique application to such sensor sys- 50 
terns. In addition, a . unique geometrical configuration 
for such holograms , with respect to the incident optical 
signals, has been disclosed as a means for minimizing 
and substantially avoiding the inimical interference that 
might otherwise be produced by the inadvertent focus- 55 
ing of spurious signals at certain locations on the image 
plane of the hologram. 

It will now be apparent that while preferred embodi- 
ments of the invention have been disclosed herein, the 
teaching of the applicants lends itself to modifications 60 
and various additional applications of holographic pro- 
cessors that may be made without departing from the 
true spirit and scope of the invention. By way of exam- 
ple, although the described method and apparatus for 
holographically processing optical signals in a fiber- 65 
optic system are particiilariy suitable for sensing physi- 
cal parameters where an accurate digital representation 
of a physical measurement is desired, they also have 



following step: 
applying said encoded signal to an additional holo- 
gram positioned between said light transmission 
means and said receiving station,, said additional 
hologram having Fresnel Zone Plates for focusing 
responsive beams of light on an image plane at 
predetermined locations which are dependent 
upon the respective wavelengths of the encoded 
signal being applied to said additional hologram 
and . wherein one of said photodetectors is posi- 
. tioned at each of said predetermined locations. 

6. The method of reporting the status of a physical 
parameter as defined in claim 1, wherein said encoded 
signal is in a binary format. 

7. The method of reporting the status of a physical 
parameter as defined in claim J, wherein said encoded 
signal is in a Gray-code binary format. 

8. The method of reporting the status of a physical 
parameter as defined in claim 1, comprising the addi- 
tional, step of: 

orienting said hologram at an angle of at least 20 
degrees with respect to a plane that is aligned per- 
pendicular to the direction of said first beam of 
light. 

9. An apparatus for reporting the status of a physical 
parameter to a receiving station, the apparatus compris- 
ing: 

means for sensing said physical parameter; 
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. means for applying a first beam of light and for vary- 
ing the spectral wavelength distribution of said 
light as a function of the status of said parameter 
being sensed; 

means for applying said spectrally- varied beam of 5 
light to a hologram for focusing responsive beams 
of light on an image plane at predetermined points, 
the locations of said points being responsive to an 
encoded signal that is dependent upon the spectral 
distribution of said beam of light; and 10 

means of transferring said encoded signal to said 
receiving station by inputting said responsive beam 
of light to a light transmission means having one 
end at said image plane and having another end at 
said receiving station. 15 

10. The apparatus for reporting the status of a physi- 
cal parameter as defined in claim 9, wherein said light 
transmission means is a bundle of fiber-optic cables. 

11. The apparatus for reponing the status of a physi- 
cal parameter as defined in claim 9, wherein said receiv- 20 
ing station is located remotely with respect to said holo- 
gram. 

12. The, apparatus for reporting the status of a physi- 
cal parameter as defined in claim 9, further comprising: 

means for decoding said encoded signal by selec- 25 
tively applying said signal to one of a plurality of 
photo-detectors, said one being selected in accor- 
dance with the wavelength of said signal. 

13. The apparatus for reporting the status of a physi- 
cal parameter as defined in claim 12, having means for 30 
photodetector selection, said selection means compris- 
ing; 

an additional hologram positioned between said light 
transmitting means and said receiving station, and 

means for applying said encoded signal to said addi- 35 
tional hologram for focusing responsive beams of 
light on an image plane at predetermined locations 
which, are dependent upon the respective wave- 
lengths of the encoded signal being applied to said 
additional hologram and having one of said photo- 40 
detectors positioned at each of said predetermined 
locations. 

14. The apparatus for reporting the status of a physi- 
cal parameter as defined in claim 9, wherein said en- . 
coded signal is in a binary format. 45 

15. The apparatus for reporting the status of a physi- 
cal parameter as defined in claim 9, wherein said en- 
coded signal is in a Gray-code binary format. 

16. The apparatus for reporting the status of a physi- 
cal parameter as.defincd in claim 9. further comprising: 50 

means for orienting said hologram at an angle of at 
least 20 degrees with respect to a plane that is 
aligned perpendicular to the direction of said first 
beam of light. 

17. An optical sensor system for sensing the status of 55 
a physical parameter, said sensor system comprising: 

source means for providing a supply of incident light 
signals, 

means to receive and spectrally disperse the incident 
light signals according to the status of the physical 60 
parameter, 

hologram means, 

light transmitting means for transmitting said spec- 
trally dispersed light signals to said hologram 
means, said hologram means focusing responsive. 65 
beams of light at predetermined locations in an 
image plane, which locations are dependent upon 
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the wavelengths of the spectrally dispersed light 
signals, and 

photodetector means positioned at said predeter- 
mined locations in said image plane for receiving 
respective ones of said light beams that are focused 
thereat by said hologram means, said photodetec- 
tor means providing an output signal that is indica- 
tive of the status of the parameter being sensed. 

18. The optical sensor system as defined in claim 17, 
wherein said light transmitting means includes at least 
one optical fiber positioned between said incident light 
dispersing means and said hologram means, and . 

means to focus said spectrally dispersed light signals 
. onto said light transmitting means, so that a color 
encoded optical signal representative of said spec-, 
trally dispersed light signals is carried on said light 
transmitting means to said hologram means, 
said hologram means decoding said color encoded 
optical signal by focusing the responsive beams of 
light at the particular locations of said photodetec- 
tor means, which locations are dependent upon the 
respective wavelengths of the spectrally dispersed 
light signals. 

19. The optical sensor system as defined in claim 18, 
wherein said means to focus said spectrally dispersed 
light signals onto said light transmitting means is an 
additional hologram means. 

20. A method of indicating the status of a. physical 
parameter, said method comprising the steps of: 

providing a supply of incident light signals; 

sensing said physical parameter and spectrally dis- 
persing said incident light signals according to the 
status of the physical parameter; 

transmitting said spectrally dispersed light signals to a 
hologram for focusing responsive beams of light at 
predetermined locations in an image plane, which 
locatipns are dependent upon the wavelengths of 
the spectrally dispersed light signals; and 

positioning photodetector means at said predeter- 
mined locations in said image plane for receiving 
respective ones of said light beams that are focused 
thereat by said hologram, said photodetector 
means providing an output signal that is indicative 
of the status of the parameter being sensed. 

21. The method of indicating the status of a physical 
parameter as .defined in claim 20, including the addi- 
tional steps of: 

focusing said spectrally dispersed light signals onto 
said light transmitting means and transmitting a 
color encoded optical signal that isindicative of the 
status of said parameter over said light transmitting 
means to said hologram, and 

decoding said color encoded optical signal at said 
hologram by focusing responsive beams of light at 
the particular locations of said photodetectors 
means, which locations are dependent upon the 
respective wavelengths of said spectrally dispersed 
light signals. 

22. The method of indicating the status of a physical 
parameter as defined in claim 21, including the addi- . 
tipnal step of: 

transmitting said spectrally dispersed light signals to 

an additional hologram, said additional hologram 

focusing said spectrally dispersed signals onto said 

li^hi transmitting means. 

*.*.*«* 



01/05/2004, EAST Version: 1.4.1 



